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A  novel  self-powered  wireless  temperature  sensor  has  been  designed  and  presented  for  solving  the 
power  supply  problem  of  temperature  sensors.  This  sensor  can  autonomously  measure  temperature 
under  positive  temperature  fluctuation  situations.  The  self-powered  characteristic,  realized  by  using  four 
thermoelectric  generators,  enables  the  sensor  to  operate  without  any  batteries  or  other  power  sources.  In 
order  to  obtain  these  features,  attentions  are  not  only  focused  on  the  method  to  combine  signal  sensing 
and  power  generating  together,  but  also  on  the  method  to  improve  measurement  accuracy.  Experimental 
results  confirm  that  this  novel  sensor  has  excellent  measurement  accuracy.  The  measured  performance  is 
consistent  with  the  calculated  characteristics.  For  typical  application,  this  self-powered  temperature  sen¬ 
sor  can  detect  fire  before  it  develops  to  flashover  state.  And  the  maximum  detection  distance  grows  with 
the  growth  of  burning  rate.  All  the  results  indicate  this  innovative  sensor  is  a  promising  self-powered 
device  which  can  be  used  to  measure  temperature  value  in  positive  temperature  fluctuation  situations. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

As  the  demand  for  sustainable  and  maintenance-free  sensor 
networks  is  soaring,  the  energy  supply  problem  of  sensors  is 
attracting  more  and  more  attentions  [1,2].  However,  commercially 
available  temperature  sensors  commonly  require  batteries  as  its 
power  source  although  replacing  batteries  is  a  tedious  and  costly 
job  [3].  Therefore,  it  is  of  high  priority  to  develop  a  self-powered 
temperature  sensor  which  can  operate  without  any  batteries. 

Generally  speaking,  there  are  two  methods  to  realize  a  sensor 
operating  without  batteries.  One  is  the  energy  conversion  system 
which  can  convert  other  kinds  of  energy  into  electrical  energy 
[4,5],  such  as  pressures  [6],  vibrations  7],  winds  [8],  electromag¬ 
netic  waves  [9],  ultraviolet  rays  [10],  and  heats  [11,12].  The  other 
is  passive  sensors  which  are  mainly  based  on  the  surface  acoustic 
wave  (SAW)  technique  [13-15]. 

Unfortunately,  each  of  these  techniques  has  its  own  limitations 
and  challenges.  The  energy  conversion  system  needs  to  add  an  ex¬ 
tra  energy  conversion  module  to  the  existing  sensor  system,  which 
is  against  the  mobility  and  miniaturization  requirements.  The  SAW 
sensor  sends  a  low  frequency  signal  with  low  power  which  makes 
its  practical  propagation  distance  restricted  to  several  meters  16]. 
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And  this  distance  is  not  comparable  with  the  transmitting  distance 
of  wireless  temperature  sensors  which  are  powered  by  batteries. 

In  recent  years,  there  are  some  cases  of  thermoelectric  (TE) 
modules  used  for  harnessing  energy  for  wireless  sensors  [17,18]. 
The  TE  modules  in  those  studies  are  used  as  power  module  rather 
than  sense  module.  And  there  has  been  no  report  that  TE  modules 
are  used  as  both  the  power  module  and  sense  module  in  a  self- 
powered  wireless  temperature  sensor.  The  object  of  this  study  is 
to  present  the  design  consideration  and  result  analysis  of  a  novel 
self-powered  temperature  sensor  based  on  TE  modules.  The  TE 
modules,  adopted  in  this  study,  are  used  as  not  only  the  power 
module  but  also  the  sense  module.  The  final  device  can  simulta¬ 
neously  perform  temperature  measuring  and  self-powering  sup¬ 
plying  functions  under  the  positive  temperature  fluctuation. 

2.  Principle  and  implementation 

2  A.  Principle  of  TE  generators 

The  principle  of  TE  generators  (TEG)  can  be  explained  by  Fig.  1. 
An  electromotive  current  will  be  generated  when  two  dissimilar 
conductors  are  connected  at  two  points  and  a  temperature  differ¬ 
ence  is  applied  on  these  points  (Fig.  la).  This  phenomenon  is  called 
Seebeck  effect,  and  the  voltage  is  called  thermal  voltage.  The  two 
connected  dissimilar  conductors  constitute  a  pair  of  TE  legs.  If 
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Nomenclature 

Uop 

open-circuit  voltage  (V) 

S 

effective  area  of  the  hot  side  (m2) 

Uo 

output  voltage  (V) 

A 

cross  sectional  area  of  a  TE  leg  (m2) 

V' 

negative  electrode  potential  (V) 

l 

length  of  a  TE  leg  (m) 

I 

minimum  current  for  starting  (A) 

R 

distance  (m) 

Rl 

load  resistance  (Q) 

Rdmax 

maximum  detection  distance  (m) 

Rm 

resistance  of  a  TE  module  (Q) 

m 

burning  rate  (g/s) 

R max 

calculated  maximum  output  power  (W) 

hc 

calorific  value  (J/g) 

T 

temperature  need  to  be  measured  (K) 

ot 

Seebeck  coefficient  of  a  TE  device  (V/K) 

AT 

temperature  difference  (K) 

K 

thermal  conductance  (W/K) 

To 

cold-side  temperature  (K) 

2 

thermal  conductivity  of  a  TE  leg  (W/m  K) 

h 

temperature  of  hot  side  (K) 

ar 

absorptance  of  heat  absorption  coating 

Qmin 

minimum  heat  power  for  starting  (W) 

s 

emissivity  of  heat  absorption  coating 

Qmin 

minimum  thermal  flux  for  starting  (W/m2) 

lr 

efficiency  of  thermal  radiation 

Q 

thermal  radiation  power  (W) 

P 

effective  thermal  radiation  power  (W) 

Eb 

black-body  radiation  (W/m2) 

many  pairs  of  TE  legs  connect  in  series,  as  shown  in  Fig.  lb,  more 
voltage  will  be  generated  when  the  temperature  difference  is  ap¬ 
plied  on  the  hot  and  cold  contacts  of  the  device.  The  output  ther¬ 
moelectric  voltage  under  open-circuit  condition  can  be  expressed 
as: 

Uop  =  ocAT,  (la) 

where  Uop  is  the  open-circuit  voltage  of  TEG,  a  is  the  total  Seebeck 
coefficient  of  a  TE  device.  The  parameter  AT  is  the  temperature  dif¬ 
ference  across  the  hot  and  cold  connects  of  the  device. 

In  reality,  there  must  be  a  load  connected  to  the  TEG,  and  the 
actual  output  thermoelectric  voltage  U0  can  be  expressed  as  fol¬ 
lowing  equation  19]: 

U-U*WT, v  (,b) 

The  parameter  RL  is  the  load  resistance.  The  parameter  Rm  is  the 
resistance  of  a  TE  module.  When  RL  is  much  higher  than  Rm ,  Eq. 
(lb)  can  be  simplified  to  Eq.  (lc). 

U0  «  Uop  =  aAT  (lc) 

As  shown  in  Eq.  (lc),  the  output  voltage  can  be  approximated  as 
the  open-circuit  voltage  when  the  load  resistance  is  much  times 
higher  than  the  internal  resistance  of  TEG.  In  practical  applications, 
if  the  parameter  RL  is  high  but  difficult  to  measure,  the  thermoelec¬ 
tric  voltage  Uop  can  be  obtained  by  measuring  U0.  And  the  temper¬ 
ature  difference  AT  can  also  be  obtained  by  measuring  U0. 


(b) 


Fig.  1.  The  principle  of  Seebeck  effect  (a)  and  the  principle  of  thermoelectric 
module  (b). 


2.2.  Principle  of  self-powered  wireless  temperature  sensor 

The  simple  principle  of  the  self-powered  wireless  temperature 
sensor  (SPWTS)  can  be  explained  by  Fig.  2. 

A  TEG  and  a  temperature  compensation  component  (TCC)  com¬ 
pose  a  self-powered  temperature  probe  (SPTP).  The  function  of  the 
TEG  is  to  measure  the  temperature  difference  between  its  two 
sides  and  to  convert  the  temperature  gradient  into  electric  power. 
Meanwhile  the  function  of  the  TCC  is  to  provide  a  temperature  ref¬ 
erence  which  is  just  like  the  cold  end  compensation  for  thermocou¬ 
ple  thermometers.  To  ensure  the  accuracy,  the  TCC  is  a  digital 
temperature  sensor  as  usual.  When  the  TEG  is  exposed  to  a  tem¬ 
perature  difference,  it  will  generate  a  thermal  voltage  which  is 
mathematically  related  to  the  temperature  difference.  This  thermal 
voltage,  an  analog  signal,  is  transmitted  to  the  microprocessor  by 
an  A/D  converter  module.  And  based  on  Eq.  (lc),  the  thermal  volt¬ 
age  can  be  approximated  as  the  open-circuit  voltage,  because  the 
input  resistance  of  an  A/D  converter  is  usually  much  times  higher 
than  the  internal  resistance  of  TEG.  This  thermal  voltage  is  also 
supplied  to  other  modules  as  power  supply  through  a  power 
management  module.  And  the  power  management  module  also 
provides  a  reference  voltage  for  the  A/D  converter.  The  cold-side 
temperature  of  the  TEG  is  detected  by  the  TCC.  Then  the  cold-side 
temperature  value  is  directly  transmitted  to  the  microprocessor  in 
digital  signals.  To  calculate  the  temperature,  these  two  signals  are 
processed  by  the  microprocessor  according  to  the  following 
equation: 


where  T  is  the  temperature  value  which  needs  to  be  measured, 
and  U0  is  the  output  voltage  which  is  generated  by  the  TEG.  The 
parameter  a  is  the  total  Seebeck  coefficient  of  the  TEG,  and  T0  is 
the  cold-side  temperature.  As  the  cold-side  temperature  T0  is 
relatively  low,  the  maximum  measurement  temperature  mainly 
depends  on  the  TE  module  whose  maximum  operating  tempera¬ 
ture  is  usually  at  200  °C  or  higher  [20,21].  However,  if  only  using 
a  digital  sensor  to  measure  the  temperature,  the  maximum  mea¬ 
surement  temperature  of  this  device  will  be  decreased.  The  oper¬ 
ating  temperature  of  digital  temperature  sensors  is  equal  to  that  of 
standard  IC  technology,  which  is  below  150  °C  [22].  Therefore, 
based  on  the  temperature  compensation  principle,  the  maximum 
measurement  temperature  of  this  device  will  be  higher  than  the 
situation  that  only  a  digital  sensor  is  used  to  measure  the 
temperature. 
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Fig.  2.  Block  diagram  of  the  SPWTS. 


Fig.  3.  The  sandwiched  structure  used  to  measure  the  Seebeck  coefficient  and 
power  generation  performance. 


2.3.  Parameter  determination 

To  confirm  Eq.  (2),  the  Seebeck  coefficient  a  of  the  TEG  was 
achieved  by  measurement  through  a  sandwiched  structure  as  dis¬ 
played  in  Fig.  3.  The  sandwiched  structure  (from  top  to  bottom)  is 
copper/thermally  conductive  pad/thermocouple/TEG/thermocou- 
ple/thermally  conductive  pad/copper.  To  apply  a  temperature  dif¬ 
ference  on  the  two  sides  of  the  TEG,  only  one  copper  plate  was 
heated  by  resistive  heater  and  the  other  was  kept  cool  by  natu¬ 
ral-air  cooling  at  room  temperature.  Two  thermocouples  were 
used  to  measure  the  temperature  difference  between  the  two  sides 
of  the  TEG.  The  open-circuit  voltage  was  measured  by  a  voltmeter 
under  open-circuit  condition  when  the  TEG  was  working.  And  the 
internal  resistance  (2.18  Q)  was  measured  by  a  LCR  meter  (Agilent 
U1731C)  when  the  TEG  was  not  working.  As  shown  in  Fig.  3,  the 
surface  temperature  of  TE  device  is  obtained  through  measured 
the  temperature  of  the  silicona  pad.  Consequently,  there  exist  an 
approximation  between  the  temperature  values  of  the  TE  surface 
and  the  silicona  pad,  which  is  the  limitation  of  this  measurement 
approach. 


Fig.  4  depicts  the  output  voltage  and  the  calculated  maximum 
output  power  ( Pmax )  at  different  AT.  The  calculated  maximum 
output  power  can  be  obtained  when  the  TEG  is  hypothetically 
connected  to  a  matched  load  ( RL  =  Rm).  The  calculation  equation 
can  be  expressed  by  Eq.  (3). 


4  Rm 


(3) 


Although  the  Seebeck  coefficient  of  a  TEG  changes  with  temper¬ 
ature,  it  can  be  regarded  as  a  constant  within  a  limited  tempera¬ 
ture  range.  Therefore,  by  processing  voltage  values  through  linear 
fitting,  the  Seebeck  coefficient  can  be  obtained  according  to  Eq. 

(la). 

The  fitting  equation  is 

U0  =  V'  +  ocAT.  (4) 


Here,  U0  is  equal  to  the  output  voltage  of  the  TEG.  The  param¬ 
eter  V'  is  the  intercept  which  is  equal  to  the  negative  electrode  po¬ 
tential  of  the  TEG,  and  a  is  the  slope  which  is  equal  to  the  Seebeck 
coefficient.  The  parameter  AT  is  the  temperature  difference  applied 
on  the  TEG.  The  results  of  the  linear  fitting  are  displayed  in  Table  1. 
The  output  voltage  of  the  TEG  can  be  rewritten  as  Eq.  (5)  based  on 
the  liner  fitting  result. 

Uo  =  Vr  +  0.029(V /I()AT  (5) 

The  intercept  value  V'  will  be  zero  while  the  negative  electrode 
potential  is  zero.  Therefore,  the  Eq.  (2)  can  be  confirmed  as: 

T  =  0.029(V/K)  +  r°'  ^ 


2.4.  Implementation  of  SPWTS 


The  structures  of  the  SPWTS  can  be  described  through  Fig.  5a. 
The  SPTP  is  composed  of  a  TEG,  a  TCC  and  an  aluminum  heat  sink. 
The  TEG  employed  in  this  application  is  TEC12706  which  contains 
127  pairs  of  TE  legs,  and  the  TCC  is  a  digital  temperature  sensor 
(DS18B20,  produced  by  Dallas  Semiconductor)  whose  highest 
working  temperature  is  398  K.  The  dimension  (L  x  W  x  H)  of  the 
heat  sink  is  40  mm,  40  mm  and  11  mm,  and  it  has  126  fins.  To  en¬ 
sure  the  accuracy  of  TCC  and  maximize  the  output  power  of  TEG, 
the  TCC  and  the  heat  sink  are  glued  closely  to  the  cold  side  of 
the  TEG  by  thermally  conductive  silica  gel  (thermal  conductivity 
>2  W/m  K).  The  power  supply  of  the  SPWTS  is  generated  by  four 
SPTPs.  These  four  SPTPs  connect  electrically  in  series  but  thermally 

Table  1 

The  results  of  liner  fitting. 

a  (V)  b  (V/K)  N  SE  R 

-0.00445  ±  7.25  x  10“4  0.02939  ±  2.86  x  10“5  102  0.9999  1.54  x  10“3 


Fig.  4.  The  power  generation  performance  of  a  signal  TEG. 
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(b) 


Fig.  5.  The  schema  (a)  and  the  photograph  (b)  of  the  SPWTS. 

in  parallel.  The  SPTPs  are  arranged  on  the  same  surfaces  of  the 
encapsulation  which  is  manufactured  by  engineering  plastics 
(PC/ABS).  The  final  measured  temperature  value  is  equal  to  the 
average  temperature  of  these  four  SPTPs.  To  increase  the  heat 
absorption,  heat  absorption  coating  (Blue  Core,  produced  by  Jin- 
Xiang  New  Energy)  is  used  onto  the  hot  side  of  the  TEGs.  The  coat¬ 
ing  is  sputtered  on  an  aluminum  substrate  which  make  can  make 
the  hot-side  temperature  uniform.  To  stabilize  the  cold-side  tem¬ 
perature  of  the  SPTP  for  maintaining  a  durable  temperature  differ¬ 
ence,  solid  paraffin  (melting  temperature  ranging  between  331  K 
and  333  K)  is  filled  in  the  unoccupied  spaces  of  the  encapsulation. 
As  solid  paraffin  is  a  kind  of  phase-change  materials  which  usually 
serves  as  heat  storage  materials  [23],  it  can  maintain  the  cold-side 
temperature  of  the  TEG  at  a  low  level.  The  heat  transferred  to  the 
cold  side  will  be  absorbed  by  the  solid  paraffin  when  the  hot  side  is 
heated.  In  addition,  the  paraffin  can  still  absorb  heat  even  if  it  is 
heated  into  liquid  phase,  because  the  liquid  paraffin  has  a  rela¬ 
tively  high  specific  heat  capacity  (about  2.8  x  103  J  kg-1  K-1). 
Therefore,  heats  can  be  still  absorbed  after  the  paraffin  is  heated 
from  solid  phase  into  liquid  phase.  The  temperature  difference  be¬ 
tween  the  two  sides  of  the  TEG  will  be  increased  through  using  so¬ 
lid  paraffin.  Consequently  the  output  voltage  will  be  enhanced. 

The  circuit  section  is  mainly  based  on  an  ultra-low  power  wire¬ 
less  chip  (nRF24LEl,  produced  by  NORDIC  SEMICONDUCTOR) 
which  contains  a  fourteen-channel  A/D  converter,  a  fast  microcon¬ 
troller,  a  RF  transceiver,  and  the  corresponding  power  management 
module.  During  A/D  conversion,  the  input  resistance  of  the  whole 
circuit  is  above  500  Cl  which  is  much  times  higher  than  the  internal 
resistance  of  TEG.  Therefore,  the  output  voltage  of  TEG  can  be 
approximated  as  the  open-circuit  voltage  based  on  Eqs.  (lb)  and 
(lc).  Fig.  5b  shows  the  photograph  of  a  prototype  of  the  SPWTS. 

3.  Results  and  discussion 

For  a  self-powered  temperature  sensor,  measurement  accuracy, 
start  condition,  and  its  performance  under  the  application  environ¬ 
ment  are  three  criterions  which  are  worth  noting. 


3.1.  Accuracy  of  the  SPTP  without  paraffin 

The  measurement  accuracy  of  the  SPTP  is  the  most  important 
parameter  that  directly  affects  the  accuracy  of  this  temperature 
sensor.  To  investigate  the  accuracy  of  the  SPTP,  both  the  SPTP 
and  a  calibrated  thermocouple  were  placed  onto  the  copper  which 
was  heated  by  a  heater  (WY-99,  produced  by  Tianjin  Ke-Qi  Instru¬ 
ment  and  Equipment  Co.).  The  temperature  of  the  copper  was 
simultaneously  measured  by  the  SPTP  and  the  thermocouple  for 
contrast  purpose.  The  measured  value  of  the  thermocouple  is  trea¬ 
ted  as  the  accurate  temperature.  Fig.  6  shows  the  measurement  er¬ 
ror  of  the  SPTP.  Within  the  temperature  range  of  293  K  to  405  K, 
the  maximum  absolute  error  of  the  SPTP  is  1.6  K  and  the  mean 
absolute  error  (MAE)  is  0.55  K  as  displayed  in  Fig.  6.  This  result 
indicates  that  the  temperature  values  of  the  copper,  measured  by 
these  two  methods,  are  in  good  agreement  within  an  acceptable 
difference.  The  error  is  mainly  caused  by  the  cold-side  temperature 
nonuniformity  of  the  TEG  while  some  areas  of  cold  side  are 
warmed  up  quickly  and  some  areas  slowly.  However  the  TCC  can 
only  measure  the  temperature  of  a  small  area.  Therefore,  the  TCC 
can’t  measure  the  cold-side  temperature  accurately. 

3.2.  Accuracy  of  the  SPTP  with  paraffin 

Due  to  the  introduction  of  the  solid  paraffin,  the  measurement 
error  of  the  SPTP  is  decreased.  The  solid  paraffin  can  absorb  more 
heat,  because  it  has  a  higher  specific  heat  capacity  than  air 
(approximately  1  x  103Jkg_1 1<-1).  When  the  cold-side  tempera¬ 
ture  nonuniformity  occurs,  the  solid  paraffin  can  absorb  heat  from 
those  hotter  areas,  and  make  the  cold-side  temperature  more  uni¬ 
form.  Therefore,  the  TCC  can  measure  the  cold-side  temperature  of 
the  TEG  more  accurately.  To  prove  this  contribution  of  the  solid 
paraffin,  the  SPWTS  was  placed  into  a  thermal  shock  chamber 
(UHS1200,  produced  by  Angelantoni  Climatic  Systems)  whose 
heating  rate  can  be  controlled.  A  thermocouple  was  placed  onto 
the  heat-absorbing  surface  of  the  sensor.  The  chamber  was  heated 
at  the  heating  rate  of  about  30K/min  at  first.  After  the  SPWTS 
switched  on,  the  heating  rate  was  slowed  down  to  5  K/min  to  pre¬ 
vent  the  temperature  from  going  extremely  high.  Fig.  7b  shows  the 
measurement  accuracy  of  the  SPTP  with  paraffin  after  the  SPWTS 
started  to  operate.  The  result  indicates  that  the  maximum  absolute 
error  is  0.5  K  and  the  MAE  is  0.37  K  during  the  operating  period. 
For  the  purposes  of  comparison,  the  accuracy  of  the  SPTP  without 
paraffin  during  the  same  temperature  range  is  shown  in  Fig.  7b. 
This  result  indicates  that  the  measurement  error  of  the  SPTP  can 


Time  [s] 

Fig.  6.  The  measurement  error  of  a  single  SPTP  without  paraffin. 
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Fig.  7.  The  measurement  error  of  the  SPTP  with  paraffin  (a)  vs.  without  paraffin  (b) 
during  operating  period. 


be  decreased  through  introducing  the  high  heat  capacity  materials 
such  as  solid  paraffin. 

3.3.  Minimum  heat  flux  for  starting 

As  the  SPWTS  needs  a  sufficient  temperature  difference  to 
switch  on,  there  should  be  a  heat  source  to  provide  a  sufficient 
thermal  flux.  In  order  to  investigate  the  minimum  thermal  flux  that 
the  SPWTS  needs  to  operate,  a  heating  lamp  (275  W,  produced  by 
Opple  Illumination)  was  used  as  the  heat  source  to  heat  the  SPWTS. 
The  sensor  was  placed  at  different  distances  (from  d  =  10cm  to 
d  =  20  cm)  away  from  the  heating  lamp.  Fig.  8  shows  the  measured 
curves  of  the  output  voltage  with  respect  to  the  time.  The  dashed 
horizontal  line  is  the  minimum  voltage  (2.6  V)  for  the  steady  oper¬ 
ation  of  the  electric  circuit.  Table  2  shows  the  relationships  be¬ 
tween  detection  distance  and  response  time,  which  indicates  that 
the  response  time  grows  with  the  detection  distance.  The  respond¬ 
ing  received  thermal  flux  is  also  shown  in  Table  2.  The  SPWTS  will 
not  respond  if  the  distance  is  beyond  20  cm.  The  reason  of  this 
phenomenon  is  attributed  to  the  lack  of  sufficient  heat  flux.  When 
the  SPWTS  is  too  far  away  from  the  heating  lamp,  the  lamp  can’t 
provide  sufficient  heat  flux  to  make  the  SPWTS  start.  When  the  dis¬ 
tance  is  20  cm,  the  corresponding  heat  flux  is  estimated  by  a  heat 
flux  sensor  (HS-30B,  produced  by  Captec)  to  be  1.28  x  104  W/m2. 
To  verify  the  reliability  of  this  value,  theoretical  calculation  is 
deduced  as  following. 


Table  2 

The  responding  time  and  received  thermal  flux  of  self-powered  temperature  sensor. 


Distance  (cm) 

Response  time  (s) 

Thermal  flux  (xlO4  W/m2) 

10 

37 

4.21 

12 

46 

3.43 

15 

56 

2.36 

17 

85 

1.72 

20 

160 

1.28 

The  required  minimum  thermal  flux  can  be  expressed  as: 


Qmin  —  Q-min/Si  (7) 

where  Qmin  is  the  required  minimum  heat  power  which  is  absorbed 
by  the  hot  side  of  the  TEG,  and  S  is  the  effective  area  of  the  hot  side. 
The  parameter  Qmin  can  be  written  as  Eq.  (8)  [24]. 

Q,„,„  =  a!,/ +  kAT  (8) 

Here,  a  is  the  Seebeck  coefficient,  and  T\  is  the  temperature  of 
hot  side  at  which  the  sensor  starts  to  operate.  The  parameter  /  is 
the  sensor  required  minimum  current,  and  Rm  is  the  resistance  of 
the  TEG.  And  k  is  the  total  thermal  conductance  of  TE  materials 
which  can  be  expressed  as  Eq.  (9). 

k=  127^%  +  127^AP  (9) 

In  Ip 

In  Eq.  (9),  the  parameter  127  is  the  number  of  thermocouples. 
The  parameters  A  and  l  are  the  area  and  length  of  TE  material, 
and  k  is  the  thermal  conductivity  of  the  thermoelectric  material 
used  in  the  TEG.  The  subscripts  represent  the  N-type  or  P- type 
thermoelectric  materials.  In  this  study,  A  and  l  are 
1.96  x  10_6m2  and  2.4  x  10_3m  respectively.  The  thermal  con¬ 
ductivity  of  both  N-type  and  P- type  materials  are  1.4  W/m  K  as 
common.  Consequently,  according  to  Eq.  (9),  the  total  thermal  con¬ 
ductance  is  2.9  x  10-1  W/K. 

Substituting  Eq.  (8)  into  Eq.  (7),  then  Eq.  (10)  can  be  expressed 
as: 


Qmin 


ocT^I  -±I2Rm  +  KAT 
S 


(10) 


The  parameters  Rm  and  a  are  defined  as  2.1 8  C2  and  0.029  V/I<  by 
testing.  Meanwhile,  by  means  of  experiment,  the  system  required 
minimum  AT  is  23  K,  and  the  corresponding  T\  is  326  K.  The  whole 
current  of  the  circuit  ranges  from  6  mA  (A/D  conversion  period)  to 
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17  mA  (wireless  communication  period).  Herein,  parameter  /  is  de¬ 
fined  as  100  mA  to  ensure  startup.  As  Eq.  (8)  is  the  module  which 
only  take  the  thermal  conductance  of  the  TE  materials  into  consid¬ 
eration,  the  corresponding  area  should  be  the  effective  area  rather 
than  the  whole  surface  area  of  the  TE  module.  The  effective  area  is 
4.98  x  10-4  m2  which  only  covers  TE  materials.  Consequently,  the 
minimum  q  that  the  system  required  can  be  calculated  as 
1.53  x  104W/m2.  Comparing  with  1.28  x  104W/m2  which  is  ob¬ 
tained  by  experiment,  the  difference  between  the  results  of  exper¬ 
iment  and  theoretical  calculation  is  merely  0.28  x  104  W/m2.  And 
this  difference  is  acceptable.  In  addition,  on  the  basis  of  minimum 
thermal  flux  that  the  SPWTS  needs  to  operate,  the  performance  of 
the  SPWTS  under  the  typical  application,  such  as  fire  detection,  can 
be  obtained  through  simulation. 


3.4.  Simulation  for  typical  application 


Since  this  SPWTS  is  sensitive  to  the  temperature  variation,  it 
can  be  used  as  a  sensor  to  detect  temperature  anomalies  such  as 
fire  disaster.  The  burning  combustibles  can  generate  a  sufficient 
thermal  flux  to  make  this  SPWTS  switched  on.  Therefore,  the  per¬ 
formance  of  the  SPWTS  under  a  real  fire  disaster  can  be  achieved 
by  simulation,  since  it  is  difficult  to  obtain  by  experiments.  The  real 
fire  disaster  is  simulated  through  using  the  steady-state  fire  model. 
The  minimum  heat  flux  made  the  SPWTS  switched  on  can  be  ex¬ 
pressed  as: 


Q 


min 


P(Xr 
47 iR2 


-sEb 


XrQ^r 

4nR2 


-sE„. 


(11a) 


Herein,  the  parameter  qmin  is  the  minimum  required  thermal 
flux  which  is  generated  by  combustibles.  P  is  the  effective  thermal 
radiation  power.  The  parameter  R  is  the  distance  between  the 
SPWTS  and  the  heat  source.  The  parameters  ar  and  s  are  the 
absorptance  and  emissivity  of  the  heat  absorption  coating  respec¬ 
tively.  Eb  is  the  black-body  radiation  at  the  same  temperature  of 
the  heat  absorption  coating.  Q.  is  the  total  thermal  radiation  power 
of  the  combustibles.  The  parameter  %r  is  the  efficiency  of  the  ther¬ 
mal  radiation  which  is  between  0.3  and  0.4  for  steady  state  burning 
[25].  And  it  is  defined  as  1/3  in  this  paper. 


P  rj  XrQ 

47 zR2  4nR2 


(lib) 


Because  the  heat  absorption  coating  used  in  this  study  has  high 
absorbance  (higher  than  0.95)  and  low  emissivity  (lower  than 
0.05),  the  radiation  from  TEG  to  the  surrounding  besides  the  heat 
source  can  be  neglected.  Therefore,  Eq.  (11a)  can  be  approximated 
as  Eq.  (lib).  Then  Eq.  (lib)  can  be  rewritten  as: 


Q  =  UnR2qmin. 


(12) 


For  a  certain  combustible,  the  thermal  radiation  power  Q  is 
assumed  as  a  constant  under  the  steady-state  fire  situation.  The 
relationship  between  Q.  and  the  burning  rate  m  can  be  described 
as  Eq.  (12).  The  parameter  hc  is  the  calorific  value  of  combustibles. 

Q  =  mhc.  (13) 


Substituting  Eq.  (13)  into  Eq.  (12),  then  Eq.  (14)  can  be  obtained 
after  rearranging. 


R 


dmax  — 


(14) 


distance  Rdmax  grows  with  the  growth  of  burning  rate  m.  And  the 
maximum  detection  distance  varies  with  different  combustibles. 
If  the  maximum  detection  distance  is  designed  as  1  m,  it  can  re¬ 
spond  to  burning  rates  from  11  g/s  (for  gasoline)  to  39  g/s  (for 
wood). 

For  fire  detection,  flashover  (the  heat  flux  value  reach  over 
201<W/m2  [26])  is  a  critical  stage.  The  fire  is  difficult  to  be  put 
out  when  it  evolves  to  the  flashover  stage.  For  this  self-powered 
sensor,  the  measured  and  theoretical  minimum  starting  heat  flux 
values  are  12.8  kW/m2  and  15.3  kW/m2  respectively.  Therefore, 
this  self-powered  sensor  can  start  to  operate  before  the  fire  devel¬ 
ops  to  flashover  state. 


4.  Conclusions 

Herein,  a  self-powered  wireless  temperature  sensor,  working 
without  any  batteries,  has  been  actually  fabricated  and  tested.  This 
sensor  can  autonomously  perform  measuring  temperature  and 
transmitting  wireless  data,  and  it  is  powered  by  its  temperature 
probe  which  is  based  on  commercial  thermoelectric  modules  to 
convert  heat  energy  into  electrical  energy.  Without  introducing  so¬ 
lid  paraffin  which  serves  as  a  temperature  stabilizer,  the  maximum 
absolute  error  of  the  temperature  probe  is  1.6  K  and  the  MAE  is 
0.55  K.  After  introducing  solid  paraffin,  the  performance  of  the 
temperature  probe  is  improved  and  the  accuracy  is  further  pro¬ 
moted.  The  corresponding  maximum  absolute  error  is  0.5  K  and 
the  MAE  is  0.37  K  when  the  sensor  is  operating  with  solid  paraffin. 
The  theoretical  calculation  indicates  this  self-powered  sensor 
needs  1.53  x  104  W/m2  of  thermal  flux  to  switch  on,  which  accords 
with  the  experiment  result  (1.28  x  104W/m2)  within  an  accept¬ 
able  difference.  For  typical  application,  this  self-powered  tempera¬ 
ture  sensor  can  detect  fire  before  it  develops  to  flashover  state.  And 
the  maximum  detection  distance  grows  with  the  growth  of 
burning  rate.  All  the  results  indicate  this  innovative  sensor  is  a 
promising  self-powered  device  which  can  be  used  to  measure 
temperature  value  in  temperature  fluctuation  situations.  More 
importantly,  this  sensor  is  promising  to  solve  the  power  supplying 
problem  of  mobile  sensors. 


In  Eq.  (14),  Rdmax  is  the  maximum  detection  distance  for  fire 
detection  application.  This  equation  can  be  used  to  describe  the 
relationship  between  the  burning  rate  rh  and  the  maximum  detec¬ 
tion  distance  Rdmax •  If  hc  and  qmin  are  definite,  the  curve  of  m  with 
respect  to  Rdmax  can  be  drawn  up  as  Fig.  9.  The  maximum  detection 
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